2007), which emphasizes the critical importance of scientific discourse in K-12 science education. The report identifies the following crucial principles of scientific proficiency:
Students who are proficient in science: 1. know, use, and interpret scientific explanations of the natural world; 2. generate and evaluate scientific evidence and explanations; 3. understand the nature and development of scientific knowledge; and 4. participate productively in scientific practices and discourse. (p. 2) The report also emphasizes that scientific inquiry and discourse is a learned skill, so students need to be involved in activities in which they learn appropriate norms and language for productive participation in scientific discourse and argumentation.
In a meta-analysis of 18 studies by Chi (2009) , the author examined student learning along the continuum active, constructive, interactive. Active tasks include "doing something," such as participating in a classroom science investigation. Constructive tasks include "producing something," such as a written report describing the results of the investigation. Interactive tasks require discourse and argumentation with a peer or tutor. Chi's analysis of the research studies produced strong evidence that interactive tasks produce the greatest learning gains.
A substantial body of research indicates that engaging in discourse and argumentation about science is one of the most challenging tasks for young learners, and one of the most important and beneficial skills for them to acquire (Hake, 1998; Murphy, Wilkinson, Soter, Hennessey, & Alexander, 2009; Osborne, 2010; Soter et al., 2008) . However, evidence also indicates that authentic conversations are extremely rare across all content areas in U.S. classrooms (Cazden, 1988; Gamoran & Nystrand, 1991; Nystrand, 1997) . As Osborne (2010) noted, "Argument and debate are common in science, yet they are virtually absent in science education" (p. 463). Our goal in designing MyST was to provide students with the scaffolding, modeling, and practice they need to learn to reason and talk about science.
MyST is an intelligent tutoring system intended to provide an intervention for third-, fourth-, and fifth-grade children who are struggling with science. In our study, it was used as a supplement to normal classroom instruction using the Full Option Science System (FOSS). FOSS is an inquiry-based science program that is based on the idea that "The best way for students to appreciate the scientific enterprise, learn important scientific concepts, and develop the ability to think well is to actively construct ideas through their own inquiries, investigations and analyses" (FOSS, n.d., para. 3). It has been under development since 1988, and is in use in every state in the United States. Twenty-six science modules have been developed for Grades K-6. The learning objectives in each FOSS module are aligned to the National Science Education Standards and standards for most states. Each module covers an integrated area of science (e.g., Mixtures and Solutions, Measurement, Variables). The instructional materials for each module are packaged in a kit that contains the materials needed to conduct the classroom science investigations: a teacher guide, a modulespecific teacher-preparation video, and a summative assessment (Assessing Science Knowledge [ASK] ) to be administered before and after each science module.
Within a science module, students in classrooms work in small groups to conduct a series of approximately 16 science investigations over an 8-to 10-week period. These hands-on investigations are aligned to specific science concepts and learning objectives. The structure of the FOSS program provides an ideal test bed for research and evaluation of MyST, with MyST dialogs being aligned with specific classroom science investigations, learning objectives, science standards, and ASK assessments.
Research Motivating the Design of MyST Dialogs
MyST is an example of a new generation of intelligent tutoring systems that facilitate learning through natural spoken dialogs with a virtual tutor in multimedia activities. Intelligent tutoring systems aim to enhance learning achievement by providing students with individualized and adaptive instruction similar to that provided by a knowledgeable human tutor. These systems support typed or spoken input, with the system presenting prompts and feedback via text, a human voice, or an animated pedagogical agent (Graesser, VanLehn, Rosé, Jordan, & Harter, 2001; Lester et al., 1997; Mostow & Aist, 2001; VanLehn et al., 2007; Wise et al., 2005) . Text, illustrations, and animations may be incorporated into the dialogs. Research studies show up to one sigma gains (approximately equivalent to an improvement of one letter grade) when comparing performance of high school and college students who use the tutoring systems with students who receive classroom instruction on the same content VanLehn et al., 2005) . In a recent synthesis of research that compared learning gains following human tutoring or following use of an intelligent tutoring system, VanLehn (2011) concluded that human tutoring and intelligent tutoring systems produce approximately the same effect size, with human tutoring at d ϭ 0.79 and intelligent tutoring systems at d ϭ 0.76.
The development of MyST is informed by several decades of research in psychology and computer science. In the remainder of this section, we briefly describe theory and research that informed the design of MyST.
Benefits of Tutorial Instruction
Theory and research provide strong guidelines for designing effective tutoring dialogs. Over two decades of research have demonstrated that learning is most effective when students receive individualized instruction in small groups or one-on-one tutoring. Bloom (1984) determined that the difference between the amount and quality of learning for students who received classroom instruction and those who received either one-on-one or small-group tutoring was two standard deviations. Evidence that tutoring works has been obtained from dozens of well-designed research studies, meta-analyses of research studies (Cohen, Kulik, & Kulik, 1982) , and positive outcomes obtained in large-scale tutoring programs (Madden & Slavin, 1989; Topping & Whiteley, 1990) .
Benefits of tutoring can be attributed to several factors, including the following:
Question generation. A significant body of research shows that learning improves when teachers and students ask deep-levelreasoning questions (Bloom, 1956) . Asking authentic questions leads to improved comprehension, learning, and retention of texts and lectures by college students (Craig, Gholson, Ventura, & Graesser, 2000; Driscoll et al., 2003; King, 1989) and school children (King, 1994; King, Staffieri, & Adelgais, 1998; Palinscar & Brown, 1984) . This document is copyrighted by the American Psychological Association or one of its allied publishers.
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Generating explanations.
Research has demonstrated that having students produce explanations improves learning (Chi et al., 1989; Chi, Siler, Jeong, Yamauchi, & Hausmann, 2001; King, 1994; King et al., 1998; Palinscar & Brown, 1984) . In a series of studies, Chi et al. (1989 Chi et al. ( , 2001 found that having college students generate self-explanations of their understanding of physics problems improved learning. Self-explanation also improved learning about the circulatory system by eighth-grade students in a controlled experiment (Chi, De Leeuw, Chiu, & LaVancher, 1994) . Van Lehn (2007a, 2007b) note that "selfexplaining has consistently been shown to be effective in producing robust learning gains in the laboratory and in the classroom" (2007b, p. 1067.) Experiments by Hausmann and Van Lehn (2007b) indicate that it is the process of actively producing explanations, rather than the accuracy of the explanations, that makes the biggest contribution to learning.
Knowledge coconstruction. Students coconstruct knowledge when they are provided with the opportunity to express their ideas and to evaluate their thoughts in terms of ideas presented by others. There is compelling evidence that engaging students in meaningful conversations improves learning (Butcher, 2006; Chi et al., 1989; King, 1994; King et al., 1998; Murphy et al., 2009; Palinscar & Brown, 1984; Pine & Messer, 2000; Soter et al., 2008) .
Social Constructivism
In social constructivism, learning is viewed as an active social process of constructing knowledge "that occurs through processes of interaction, negotiation, and collaboration" (Palincsar, 1998, p. 365) . Vygotsky (1978) stressed the critical role of social interaction within one's culture in acquiring the social and linguistic tools that are the basis of knowledge acquisition. "Learning awakens a variety of internal developmental processes that are able to operate only when the child is interacting with people in his environment" (Vygotsky, 1978, pp. 89 -90) . He stressed the importance of having students learn by presenting problems that enable them to scaffold existing knowledge to acquire new knowledge. Vygotsky introduced the concept of the zone of proximal development, "the distance between the actual developmental level as determined by independent problem solving and the level of potential development as determined through problem solving under adult guidance or in collaboration with more capable peers" (Vygotsky, 1978, p. 86) . Social constructivism provides the conceptual model for knowledge acquisition in MyST: to improve learning by scaffolding conversations using open-ended questions and media to support hypothesis generation and coconstruction of knowledge.
Discourse Comprehension Theory
Cognitive learning theorists generally agree that learning occurs most effectively when students are actively engaged in critical thinking and reasoning processes that cause new information to be integrated with prior knowledge. Discourse comprehension theory (Kintsch, 1988 (Kintsch, , 1998 holds that deep learning requires integration of prior knowledge with new information and results in the ability to use this information constructively in new contexts. To the extent possible, MyST attempts to determine relevant information that students know and build on that lead students to correct explanations.
Social Agency and Pedagogical Agents
When human computer interfaces are consistent with the social conventions that guide our daily interactions with other people, they provide more engaging, satisfying, and effective user experiences (Nass & Brave, 2005; Reeves & Nass, 1996) . Such programs foster social agency, enabling users to interact with them the way they interact with people. In comparisons of programs with and without talking heads or human voices, children learned more and reported more satisfaction using programs that incorporated virtual humans (Atkinson, 2002; Baylor & Kim, 2005; Moreno, Mayer, Spires, & Lester, 2001) . A number of researchers have observed that children become highly engaged with virtual tutors and appear to interact with a virtual tutor as if it were a real teacher and appear motivated to work hard to please it. Lester (Lester et al., 1997) termed this phenomenon the "persona effect."
Multimedia Learning
During MyST dialogs, students are encouraged to construct explanations of science presented in illustrations, silent animations, and interactive simulations. The design of these dialogs is consistent with research indicating that combining spoken explanations with media can optimize science learning, either during multimedia presentations (Horz & Schnotz, 2010; Mayer, 2001 Mayer, , 2005 or when students are required to generate explanations in multimedia learning environments (Roy & Chi, in press ). In a series of studies, Mayer (2001) investigated students' ability to learn how things work (motors, brakes, pumps, lightning) when information was presented in different modalities (e.g., text with illustrations, or narration of the text during which a spoken voice explained the information presented in an illustration or sequence of illustrations). A key finding of Mayer's work is that simultaneously presenting speech (narration) with nonverbal visual information (a sequence of illustrations or an animation) results in the highest retention of information and the application of knowledge to new problems. Mayer (2001) argued that when a person is presented with a well-designed narrated animation, the listener is able to construct an enriched multimodal representation of the two sources of input, leading to superior recall and transfer of knowledge to new tasks. Roy and Chi (in press ), based on a review of the literature on self-explanations in multimedia environments, suggest that many learners would benefit from self-explanation training or prompting within multimedia environments. Essentially, we have argued that because they are information rich, multimedia environments afford the generation of many opportunities for explaining encoded information and accessing and relating prior knowledge. (p. 27)
Dialog Interaction
The design of spoken dialogs in MyST is based on a number of principles used in Questioning the Author (QtA), an approach to classroom discussions developed by Isabel Beck and Margaret McKeown (Beck, McKeown, Sandora, Kucan, & Worthy, 1996; McKeown, Beck, Hamilton, & Kucan, 1999) . During the 3-year period in which MyST dialogs were designed, tested, and refined, we worked with QtA codeveloper Margaret McKeown to apply principles of QtA to spoken dialogs This document is copyrighted by the American Psychological Association or one of its allied publishers.
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with Marni that incorporate illustrations, animations, and interactive simulations to help students visualize the science they are trying to explain. QtA is a mature, scientifically based, and effective program used by hundreds of teachers across the United States. It is designed to improve comprehension of narrative or expository texts that are discussed as they are read aloud in the classroom. The focus is to have students grapple with, and reflect on, what an author is trying to say in order to build a representation from the text.
The approach uses open-ended questions to initiate discussion (What is the author trying to say?) to help students focus on the author's message (That's what she says, but what does she mean?) to help students link information (How does that fit with what the author already told us?) and to help the teacher guide students toward comprehension of the text.
QtA provides a good basis for tutorial interaction in the MyST virtual tutoring system because (a) research shows that it is effective for improving comprehension (Murphy & Edwards, 2005) ; (b) it provides a framework and planning process that helps define learning goals and develops an orderly sequence for getting students to achieve the goals; (c) it offers ways to design prompts that draw student attention to relevant portions of presented material, but that are open enough to leave the identification of the material to students; (d) it provides a principled, easily understandable and well-documented program for teachers or tutors to elicit and respond to student responses that helps them learn to focus on and make connections between meaningful elements of the discourse and their own experiences; and (e) it focuses on comprehension, with discussion of student personal views and experiences limited to those that can directly enhance building meaning from texts, lectures, multimedia presentations, data sets, or hands-on learning activities. Murphy and Edwards (2005) analyzed the results of research studies that met rigorous scientific criteria for evaluating programs designed to improve student learning through classroom conversations. Of the nine programs that met the scientific criteria for valid research studies, QtA was identified as one of two approaches that is likely to promote high-level thinking and comprehension of text (Murphy & Edwards, 2005) . Moreover, analysis of the QtA discourse showed a relatively high incidence of authentic questions, uptake, and teacher questions that promoted high-level thinking-all indicators of productive discussions likely to promote learning and comprehension of text (Soter & Rudge, 2005) .
The MyST System System Description
Students learn science in MyST through natural spoken dialogs with the virtual tutor Marni, a 3-D computer character that is on screen at all times.
Marni asks students open-ended questions related to illustrations, silent animations, or interactive simulations displayed on the computer screen. Figure 1 displays a screen shot of Marni asking questions about media displayed in a tutorial. The student's computer shows a full screen window that contains Marni, a display area for presenting media, and a display button that indicates the listening status of the system. Marni produces accurate visual speech, with head and face movements that are synchronized with her speech.
We call these conversations with Marni multimedia dialogs, because students simultaneously listen to and think about Marni's questions while viewing illustrations and animations or interacting with a simulation. The media facilitate dialogs with Marni by helping students visualize the science they are discussing. The primary focus of each dialog is to elicit self-explanations from students. MyST analyzes the spoken explanations to determine what the student does and does not know about the science, then presents follow-up questions, which may be accompanied by new media, to help the student construct a correct explanation of the phenomena being studied. The virtual tutor Marni, who speaks with a recorded human voice, is designed to behave like an effective human tutor that the student can relate to and work with to learn science. This is achieved by modeling dialogs between students and human tutors trained in using QtA during the development phase of the project. These dialogs scaffold learning by providing students with support when needed until they can apply new skills and knowledge independently (Vygotsky, 1978) .
Marni elicits self-explanations from students using strategies that embody QtA dialog moves such as marking and revoicing. These two techniques require that the system identify the student's dialog content (marking it) followed by repeating (revoicing) a paraphrase of the information back to the student as a part of the next question: This document is copyrighted by the American Psychological Association or one of its allied publishers.
This article is intended solely for the personal use of the individual user and is not to be disseminated broadly. 4 questions like: Can you tell me more about the flow of electricity in the circuit? Media are used to ground the conversation, focus the student's attention, help the student visualize the science, and provide a visual frame of reference for the student to talk about. The media are not narrated, and they do not explain the concept to the student. A typical strategy used by MyST is to show an animation to the student and ask him or her to explain what is going on. The use of media was initially intended as a mechanism to get students past sticking points, points in a dialog when the system is not able to elicit information from the student that it can build on. During dialogs with project tutors during system development, discussed below, the method proved so useful for eliciting explanations that tutors began to use this as the standard introduction to concepts: ask an introductory question about what a student knows, show an illustration, and ask what is going on.
As noted, MyST dialogs incorporate three types of media: (a) illustrations, (b) animations, and (c) interactive simulations, illustrated in Figure 2 . Although these sometimes overlap in the content presented, each plays a unique role. Illustrations are static Flash drawings and are a good way to initiate discussions about topics. They provide the student with a visual frame of reference that helps focus the student's attention and the subsequent discussion on the content of the illustration: So, what's going on here? Animations are noninteractive, silent Flash animations that help students visualize concepts that can be difficult to capture in illustrations. In Figure 2 , the direction of the flow of electricity is represented by blue dots moving from the D-cell through the wires and bulb and back to the D-cell. The animations enable Marni to ask the student questions to elicit explanations about what is being shown. Simulations allow students to interact directly with the Flash animation using a mouse. Figure 2 shows a simulation of a FOSS classroom investigation called "Breaking the Force" in which students investigate how much weight (number of metal washers) is required on one side of a balance scale to break the force of the magnets attracting each other on the other side. The number of washers in the cup and the space between magnets can be investigated and graphed in this simulation. During multimedia dialogs, as students are interacting with a simulation, the tutor can say things like: What could you do to . . .? What happens if you . . .?
System Operation (How Spoken Dialogs Work)
MyST uses character animation, automatic speech recognition, natural language processing, and dialog modeling to support conversations with Marni. The dialogs are designed to elicit responses from students that show their understanding of a specific set of points. The key points of a dialog are specified as propositions realized as semantic frames. The frames represent the events and entities in the domain and the roles that they play. For example, Current goes from the negative terminal to the positive would be represented as: Electricity Flows Origin.negative Destination. positive. During spoken dialogs, the tutor asks questions that are designed to elicit student responses that will map to the elements of the targeted semantic frames. Information extracted from student responses is integrated into the session context that represents which points have been addressed by the student, which have not, which were expressed correctly, and which represented misconceptions. In analyzing a student's answer, the system tests whether the correct values are filling the semantic roles (i.e., whether the value of Origin is negative or positive). On the basis of the current context, the system generates questions to elicit explanations of the elements needed to produce a complete explanation. Follow-up questions and media presentations are designed to scaffold learning by providing hints about the important elements of the investigation that the student did not include or misunderstood. When possible, the follow-up questions are created by taking a relevant part of the student's response and asking for elaboration, explanation, or connections to other ideas.
This interaction style is well suited to automatic speech recognition (ASR) technology, which will have some amount of recognition error. In sessions in which the system is able to accurately recognize and parse student responses, it is able to adapt the tutorial to the individual student. It may move on to another point or delve more deeply into a discussion of concepts that were not correctly expressed by the student, using marking and revoicing to incorporate information from the student's response. If the student does not seem to grasp the basic elements under discussion, the system presents more background material. If the system is unable to elicit and understand relevant student responses, by default it proceeds through the session with a full discussion of each point.
Using spoken responses in this way can increase efficiency and naturalness of the interaction while minimizing the impact of system errors. False-negative errors, in which the system does not recognize correct information provided by the student, simply cause the system to continue to talk about the same point in a different way rather than moving on. False-accept errors, where the system fills in an element because of a recognition error, may cause the system to move on from a point before it is sufficiently This article is intended solely for the personal use of the individual user and is not to be disseminated broadly.
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System Development
During the development and evaluation of MyST, data were collected from tutoring sessions at elementary schools in the Boulder Valley School District (BVSD). A team of project tutors was trained in the FOSS content and QtA-based interaction style. Using FOSS teacher guides, the team developed learning objectives and specifications for media presentations aligned to each classroom science investigation. Tutors went into the schools and tutored students using the materials developed. Visuals were presented on laptops, and students wore headsets for recording their speech. The recorded sessions were reviewed in group meetings to revise the presentations and determine sticking points that would benefit from the introduction of media. These meetings also helped foster a common style across tutors. In addition, transcripts of tutoring sessions were reviewed and annotated by M. McKeown to provide constructive feedback to the project tutors on how to use QtA principles most effectively. The data collected in the humantutored sessions were used to train the speech recognition and natural language-processing modules to interpret the students' speech and to develop dialog models to attempt to emulate the behavior of the human tutors. These modules were integrated to produce the first version of MyST that was used in Wizard-of-OZ (WOZ) studies.
WOZ
WOZ data collection attempts to provide user interactions similar to the target application, but a human controls the system behavior. In the WOZ collection, students independently interacted with Marni, while a remote human tutor, connected to the student's computer via the Internet, monitored and controlled the system's behavior. The human wizard could see everything on the student's computer and hear what the student was saying. At each point in a dialog when the system was about to take an action (e.g., have Marni talk; present a new illustration), the action was first shown to the human wizard who could accept or change the action. The system logged all transactions during the session. Transcriptions of the dialogs in each session were then reviewed by developers to refine the dialog model. The primary changes during this phase of development included adding new media, expanding the coverage of the natural language processing (to accommodate new ways students could talk about concepts), and adding new ways of asking students questions. As the tutorials evolved, human wizards intervened less.
In sum, during initial development of tutorial dialogs with human tutors, a total of 189 students received human tutoring over a total of 427 sessions. During the subsequent WOZ sessions, a total of 347 students received WOZ tutoring over 1,156 sessions. The purpose of data collected during development was to improve system coverage, that is, modeling the different ways that diverse students talked about science and refine the media presentations, so the emphasis was on including a greater variety of students, with less data from each individual student than in the system evaluation.
System Evaluation
All data collected in the human-tutoring and WOZ sessions were used to train the final acoustic, language, and dialog models for the virtual tutoring system. During the 2010 -2011 school year, an assessment of the MyST system was conducted to examine the effect of the virtual tutor on student test scores in science. During the assessment, students interacted with Marni independently in their schools, without a human wizard. An experimenter logged students into the MyST system and specified the dialog session to be used, but otherwise left students alone to use the system. The experimental design compared students receiving MyST tutoring with those receiving face-to-face human tutoring in small groups.
Students were randomly assigned within classrooms to tutoring condition, and these groups were also compared with students from intact control classrooms with no tutoring. Students completed one of four FOSS modules (Variables, Magnetism, and Electricity, Measurement and Water) and were tested pre-post with the FOSS-ASK assessment for that module. All students received similar classroom instruction. The two hypotheses for the study were as follows:
Hypothesis 1: Students receiving tutoring with MyST will show learning gains roughly similar to students receiving face-to-face human tutoring.
Hypothesis 2: Both groups receiving tutoring will show greater learning gains than students receiving no tutoring.
Method Participants
Data were collected from tutoring sessions at elementary schools in the BVSD. BVSD is a 27,000-student school district with 34 elementary schools. There is substantial student diversity across schools, which vary from low to high performing on state science tests. A list of potential schools was developed in collaboration with the BVSD science director. All third-, fourth-, and fifth-grade teachers at these schools were invited to participate in the study, and teachers who accepted were enrolled in the study. All students in the classrooms of participating teachers were invited to participate. All students who agreed to participate were enrolled. All third-, fourth-, and fifth-grade teachers in the district who did not participate as treatment classrooms were recruited to serve as control classrooms, and those who agreed were enrolled.
The data set contained 1,478 students at 22 schools and 63 classrooms. One hundred two students in 14 classrooms in six schools were tutored with MyST, and 85 students in these same classrooms received human tutoring. Control students accounted for 1,155 students in 49 classrooms and 19 schools. These students received no tutoring, but did receive instruction in FOSS modules during class. For analysis, nonconsented students were removed from the sample. Other reasons for removing students from the sample included unmatched prepost tests where students did not fill out a majority of answers and tests with grading concerns, including very low reliabilities. The remaining sample totaled 1,167 students. Eighty-three stuThis document is copyrighted by the American Psychological Association or one of its allied publishers.
6 dents received MyST tutoring, 69 were tutored in small groups (both in 12 classrooms), and 1,015 students in 50 classrooms in 20 schools received only classroom instruction and no tutoring. All missing data were removed by an analyst who was blind to the experimental condition.
Procedure
Consented students in the study were assigned to receive tutoring in addition to their normal classroom instruction for the module. Teachers specified the space in the school to be used, and this varied from school to school, generally any relatively quiet room. The teacher also scheduled the time for their students to minimize the impact on the student's other activities. Tutoring times were always during regular school hours. General guidelines were that this time should not be at recess or lunch, during core subject time (reading, math, science), or during special activities time (art, music).
All students in the study received in-class instruction in the FOSS modules: Measurement (third grade), Magnetism and Electricity (fourth grade), Water (fourth grade), and Variables (fifth grade). Teachers in both treatment and control classrooms followed module lesson plans and used FOSS materials. Students participating in the study received tutoring from MyST or human tutors for 12-16 20-min sessions concurrent with their regular classroom instruction. Each tutorial was oriented around a set of key concepts the student was expected to have learned from classroom instructional activities. Both MyST and human tutoring used the same multimedia content linked to FOSS content. MyST students were tutored individually on computers. Headsets with earphones and microphones were used to reduce noise interference. For most sessions, eight students at a time used the computers in a separate resource room at each school. Students in the human tutoring condition received tutoring with human tutors for the same amount of time as those in the MyST group. They worked in groups of three to four students with each human tutor. Although one-on-one interaction with a human tutor would present a more direct comparison to the virtual tutor condition, the study did not have sufficient resources to provide one-on-one human tutoring; however, research has demonstrated equivalent learning gains for one-onone and small-group tutoring (e.g., Bloom, 1984) .
Measures
Students in all experimental groups were given the ASK summative assessments as pre-and posttest measures. Tests were administered before the beginning of the FOSS lessons for the module, and immediately after tutoring for the module ended. The ASK assessments for the four modules used in the assessment have identical pre and post versions. Depending on the module, the assessments have between eight and 12 items, consisting of multiple-choice and constructed response questions, and show composite internal reliability with alphas in the range of 0.80 -0.90. The interrater reliability for subjective items has also met high standards in similar conditions (e.g., r ϭ .90), and the validity of the measures has been built up over time through a process of empirical investigation.
Because module tests have different scales, scores were standardized to a common metric. All standardization was conducted on data with outliers and other spurious data removed. "Testwise" standardization subtracted the mean of each test (over all students and pooling pre/post) from each student's score. This difference was then divided by the average standard deviation for both pre and post for each test.
Pairs of raters (tutors) scored all assessments from tutored students and a subset of assessments from control students. Raters trained together with scoring rubrics provided by FOSS, then scored the assessments independently. All scoring was blind to experimental condition (human tutor, virtual tutor, no tutoring) and whether the assessment was pre or post. Interrater reliabilities for two raters were high (counting only the openended items), with intraclass correlation coefficients ranging from .89 to .98, with averages for pre and post of .93 and .94, respectively. Internal reliabilities (Cronbach's alpha) were lower, ranging from ␣ ϭ .60 to ␣ ϭ .89 for both pre and post versions of the assessments, with averages for pre ϭ .74 and post ϭ .79. Scores used for outcome analysis were the averages across both raters.
Results
Several comparisons were made to test the hypotheses. To make comparisons, both standardized pre/post scores and residual gain scores compared groups on the average differences between their observed and expected scores. Gain differed markedly depending on where students started on the pretest, regardless of which group they belonged to. Students who started lower on the pretest gained more than students starting higher. This is often a sign of regression toward the mean where greater gain occurs for students starting lower regardless of actual learning. Regression toward the mean complicated the group comparisons for this study because the control students on average scored much lower on the pretest than students receiving tutoring. We believe the lower pretest scores for the control were primarily due to two factors:
1. Consented students (those whose parents returned signed permission forms) had higher pretest scores than nonconsented students. Pretest scores for nonconsented students were similar to the control group.
2. Schools choosing to participate as treatment groups in the study were not representative of the overall free and reduced lunch (FRL) percentage of the district. Boulder Language Technologies worked with BVSD officials to identify a set of schools to recruit. All classroom teachers for the targeted grades in those schools were recruited, and all of the teachers who agreed to participate were enrolled. In this particular study, those teachers who agreed to participate represented schools that had smaller percentages of FRL students. Schools with higher percentages of FRL students tend to have lower test scores, and more of these schools were in the control group.
When group comparisons were made, control students tended to gain more pre to post than tutored students simply because they started lower on the pretest. Residual gain scores and analysis of covariance (ANCOVA) were used for analysis to adjust for these differences in prescore (Rudestam & Newton, 1999) . The residual gain score is the observed score minus the expected score in the scatter between pre and post; the expected score is the regression line for the scatter. It is used to compare This document is copyrighted by the American Psychological Association or one of its allied publishers.
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Comparison Between Tutored Groups
The first hypothesis examined whether MyST and humantutored groups were roughly equal to each other in pre/post gain. Students were randomly assigned within classrooms to tutoring conditions. Standardized gain for the human-tutored group (M ϭ 1.95, SD ϭ 0.85) was not significantly different than for the MyST-tutored group (M ϭ 1.75, SD ϭ 1.03), t (150) 
Comparison With Control Group
As stated, comparisons with the students in control classrooms were complicated by differences in pre-test scores. To adjust for these differences, comparisons were made with residual gain scores and an ANCOVA to test the second hypothesis that students in tutored groups gained more than students in the control group. Standardized gain scores showed a moderate difference between MyST (M ϭ 1.75, SD ϭ 1.03) and control (M ϭ 1.57, SD ϭ 1.01; d ϭ .18) and a larger difference between the human (M ϭ 1.95, SD ϭ 0.86) and control (d ϭ .40). Effect sizes for residual gain scores were calculated by the difference in means between groups divided by the pooled standard deviation for the residual gain distribution. A moderate effect size was observed for the comparison of MyST tutoring (M ϭ .38, SD ϭ .76) and control (M ϭ Ϫ.06, SD ϭ .84; d ϭ 0.53) and a larger effect size for human tutoring (M ϭ .51, SD ϭ .66) and control (d ϭ 0.68). A one-way analysis of variance (ANOVA) tested whether group means differed significantly on residual gain score. The main effect for tutoring was significant, F(2, 1164) ϭ 26.06, p Ͻ .001. Post hoc tests showed significant differences between both tutoring groups and the control group, and no significant differences between the two tutoring groups.
An ANCOVA confirmed the findings from the analysis of residual gains. Like residual gain scores, ANCOVA also adjusts group means for differences in pretest. ANCOVA in this context gave almost identical results to the ANOVA using residual gains, F(2, 1163) ϭ 26.60, p Ͻ .001. Comparisons of adjusted means were also nearly identical to effect sizes in residual gains for groups. ANOVA and ANCOVA tests support the second hypothesis that tutored groups gain significantly more from pre to post than students in the control group.
Gain was also assessed as a function of prescore. Group comparisons divided the prescore distribution for the tutored group into five equal parts. All groups showed higher gain for the lower prescore blocks.
The use of hierarchical models allows for partitioning of error between students and classrooms, and quantifying how much total variability is due to each level. Estimates of classroom variability, calculated with all students in the classroom, equaled 46%. Hypothesis testing for classroom effects showed significant effects for both MyST compared with control, t(60) ϭ 2.5, p ϭ .014, and human compared with control, t(60) ϭ 3.0, p ϭ .004. These results from hierarchical models also support the second hypothesis that tutored groups gain more from pre to post than the control group.
Component Evaluation
In order to evaluate the performance of the speech-processing components, student utterances for a subset of the assessment data were manually transcribed and parsed into frames to give the reference data to compare against. ASR performance is typically expressed as a word error rate (WER), which is the sum of word deletion, insertion, and substitution errors divided by the number of words in the reference string (from human transcriptions). The speech recognizer vocabulary size was 6,235 words. The WER for the assessment sessions was 41.4%.
1 This is a large WER, and would not be viable for many applications. The system performed well even with the high WER because the accuracy of extraction of frame elements (the key concepts being discussed) from student's speech remained relatively high, with an overall Recall ϭ 79% and Precision ϭ 82%. So 79% of the relevant information in the reference parses was correctly extracted from the ASR output. Of the information extracted, 82% of the elements were correct. These results indicate that many of the recognition errors were in information that was not relevant or redundant. Given the nature of QtA dialogs and the way spoken responses are used by the system, this level of extraction accuracy was sufficient to produce both engaging and effective dialogs, as indicated by students' responses to questionnaires and the learning gains.
Survey Results
A written survey was given to the students who participated in the 2010 -2011 assessment. Measures were taken to avoid bias wherein students give overly positive answers to questionnaires including the following: (a) Written (vs. oral) surveys for students were administered, (b) students were verbally assured of anonymity, (c) questionnaires were anonymous in that students did not write their names on the survey, and (d) adults from the program did not directly observe or interfere with students while they completed the survey. The survey included questions that asked for ratings of student experience and impressions of the program and its usability. Three-point rating scales for survey items were keyed to each question. A typical question, such as How much did Marni help with science? had responses such as: Did not help, helped some, helped a lot. Items were written to reflect the reading level of the students. In general, students had positive experiences and impressions about the program. Across schools, 47% of students said they would like to talk with Marni after every science investigation, 62% said they enjoyed working with Marni "a lot," and 1 The performance of the ASR system was enhanced significantly over the course of the project, and WER on the assessment data is now 21%. However, the system and models were fixed at the start of the assessment to avoid confounding the evaluation results with improvements in the performance of the speech recognition system. This document is copyrighted by the American Psychological Association or one of its allied publishers.
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53% selected "I am more excited about science" after using the program. Only 4% felt that the tutoring did not help. Teachers were asked for feedback to help assess the feasibility of an intervention using the system and their perceptions of the impact of the system. A teacher survey was given to all participating teachers directly after their students completed tutoring. Teachers were assured anonymity in their responses both verbally and in written form. The questionnaire contained 22 rating items as well as nine open-ended questions. The survey asked teachers about the perceived impact of using Marni for student learning and engagement, impacts on instruction and scheduling, willingness to potentially adopt Marni as part of classroom instruction, and overall favorability toward participating in the research project. Additionally, teachers answered items related to potential barriers in implementing new technology in the classroom. Of the responding teachers, 100% said that they felt it had a positive impact on their students, they would be interested in the program if it were available, and they would recommend it to other teachers. In addition, 93% said that they would like to participate in the project again. Furthermore, 74% indicated that they would like to have all of their students use the system (not just struggling students). They commented that students who used the system were more enthused about and engaged in classroom activities and that their participation in science investigations and classroom discussions benefitted students who did not use the system.
Conclusion
In the present article, we presented the motivation, design, and evaluation results for a conversational multimedia virtual tutor for elementary school science. The operating principles for the tutor are grounded in research from education and cognitive science. Speech, language, and character animation technologies play a central role because the focus of the system is on engagement and spoken explanations by students during spoken dialogs with a virtual tutor.
An assessment was conducted in schools to compare learning gains from human tutoring and MyST with business-as-usual classrooms. Both tutoring conditions had significantly higher learning gains than the control group. Although the effect size for human tutors versus control (d ϭ 0.68) was larger than for MyST versus control (d ϭ 0.53), statistical tests supported the hypothesis of no significant difference between the two.
After the assessment, surveys were collected from students and teachers that bear on the engagement and feasibility of the tutoring system. Following a series of tutoring sessions with Marni, the great majority of students reported that they enjoyed spending time working with her, that they felt that Marni helped them learn science, and that they felt more interested in science and more motivated to learn science than they had before using the system. Teachers reported that they would like to use MyST in the future to tutor all of their students and that they would recommend the program to other teachers.
One conclusion that we draw from this study is that current spoken dialog and character animation technologies can be combined with media to provide engaging and effective experiences for third-, fourth-, and fifth-grade students learning science. Students who used MyST interacted with Marni for 4 -5 hr over the course of the 16 dialog sessions over an 8-to 10-week period. No students dropped out of the study, and the large majority of students reported positive experiences. We believe that the QtA approach helped assure the student that Marni is listening to and understands what they are saying; this experience is fostered by dialog moves such as revoicing and marking that Marni produces. Dialogs based on QtA enable the tutorial dialog to proceed in a graceful way even when the system does not accurately interpret what the student said, because the system typically proceeds with a reasonable follow-up question, which the student accepts as a natural extension of the dialog.
The system described presents baseline results for one specific system based on a number of design decisions. Further work is needed to understand the effects of the individual features of the system. For example, we do not know the relative contribution of media in helping students visualize science and construct explanations, or the contribution of the dialog moves and questions that Marni generated, to the learning gains that occurred. We believe the MyST system provides a framework and infrastructure for conducting research on these questions. Planned future work will allow us to expand the context of the interaction from one-on-one tutoring to systems that support conversations in which a virtual tutor is able to mediate conversations among small groups of students. The virtual tutor will then be able to ask questions that help students build on each other's ideas to coconstruct explanations consistent with accurate mental models of the science.
